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Daily damage such as scratches or fractures on most polymeric materials are inevitable, 
which shorten the lifespan, change/weaken the original integrity, and sometimes lead to the 
catastrophic failure of the materials. Self-healing or self-repairing is a desired property in the 
design and development of high-performance materials with their built-in ability to repair 
physical damage for various applications such as surface coatings, tissue engineering, and 
sensors. 
Intrinsic self-healing utilizing dynamic chemistry is a promising method that allows for 
the development of effective self-repairing polymeric materials. This method involves the 
incorporation of non-covalent bonds through physical interactions such as π-π stacking, ionic 
interaction, metal binding, and hydrogen bonding. However, the use of physical bonding has a 
major drawback—small mechanical properties of prepared compounds due to the nature of the 
weak physical interaction. Another method utilizes reversible covalent bonds such as the Diels-
Alder/retro-Diels-Alder reaction, alkoxyamine recombination, urea chemistry, and disulfides. 
Although these dynamic covalent bonds can provide higher mechanical properties compared to 
the physical interactions, the self-healing behavior often can be limited and require severe 
external stimuli to achieve a complete self-repairing procedure. 
My Masters’ research aims to explore the advantages and disadvantages of covalent and 
supramolecular (physical) networks. Two novel self-healable networks were developed; one 
network designed with dynamic disulfide linkages and the other with both disulfide and 
supramolecular metal-ligand associations. Dynamic disulfide linkages are excellent candidates to 
explore in developing self-healable polymeric materials since they can be readily 
cleaved/disturbed to thiols or thiyl radicals in response to external stimuli, and then subsequently 
rebounded to induce self-repair of the damaged parts. In a similar way, the metallo-
iv 
complex/ionic links are widely incorporated in forming self-healable polymeric networks 
because of the dynamic linkages between the ionic crosslinkers and their counter-ions.  
For the first network, we explored having poly(methacrylate)-based crosslinked materials 
for which self-healing is based only on dynamic disulfide-thiol chemistry. Such materials were 
prepared by the extent oxidation of excess thiols in the lightly crosslinked networks through 
sulfide linkages. The second system consists of a multiblock copolymer with self-healable blocks 
and a middle block. The self-healable blocks are poly(methacrylate)-based units with pendant 
disulfides linkages and/or another pendant carboxylic acids groups. The presence of two 
different pendant dynamic linkages enables the formation of polymeric crosslinked materials—
with dual self-repairing units—through disulfide-thiol exchange and metallo-complexation with 
metal ions. It is believed that these unique designs along with their tunable self-healing kinetics 
demonstrate well the versatility of our methods to prepare self-healable polymeric crosslinked 
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1.1 Brief overview of my research and goals 
My Masters’ research focuses on the exploration of reversible (dynamic) disulfide 
chemistry for the development of efficient methods to synthesize advanced crosslinked 
polymeric materials exhibiting self-healability at ambient temperature with no external aids. 
Well-known synthetic techniques in organic and polymer chemistry - including free radical 
polymerization (FRP), controlled radical polymerization through atom transfer radical 
polymerization (ATRP), and post-modification methods - were combined to synthesize two new 
disulfide-crosslinked self-healable networks: 1) dual disulfide-sulfide covalently crosslinked 
networks by FRP and photo-induced thiol-ene addition and oxidation reactions, and 2) dual 
covalent disulfide- and physical metallo-complex-crosslinked networks based on a novel 
pentablock copolymer by ATRP and hydrolytic cleavage reaction. Utilizing the unique 
reversible/dynamic nature of covalent disulfide and physical metal-ligand interactions, the 
developed materials exhibit low-temperature self-healing behavior and preferable viscoelastic 
properties.  
1.2 Self-healing in crosslinked networks 
Numerous strategies have been proposed for developing self-repairing polymeric 
materials which can be categorized into extrinsic self-healing and intrinsic self-healing materials 
(Figure 1.1). Extrinsic self-healing approach requires the encapsulation of additional healing 
agents such as catalysts and crosslinkers in capsule-like containers (microcapsules) to form 
porous composites. Upon physical damages, the cracks break microcapsules. Additional healing 
agents are released from the microcapsules to fill damaged cracks. Then, the desired 
polymerization takes place inside the crack to initiate self-repairing. This approach can heal 
relatively large areas of damaged parts; however, self-healing is limited to a single event, since 
healing agents in microcapsules are depleted in the matrix. In contrast, intrinsic self-healing is 
the advanced method because it utilizes dynamic (reversible) linkages that are embedded to form 
dynamic crosslinked networks, allowing repeatable self-repairing. A variety of covalent dynamic 
2 
linkages has been incorporated in self-healable materials, including disulfide, 1, 2, 3 hindered urea, 
4, 5, 6 alkoxyamine, 7-8  diarylbibenzofuranone (a dimer of arylbenzofuranone), 9 boronic ester, 10-
12 and etc. Not only dynamic covalent linkages, but also various physical interactions such as 
hydrogen bonding, 13-16 host-guest interaction, 17 π-π interaction, 18-19 and metallo-complex 
interaction 20-25 have been explored for the development of self-healable materials. Details in 
recent strategies that allow for the development of a variety of intrinsic and extrinsic self-
healable materials (or systems) are summarized in Chapter 2.  
Most self-healing materials based on covalent linkages often suffer from stiffness which 
limits the dynamic behavior of the system. Self-healing of such systems may require external 
stimuli such as heating, the aid of solvent or catalyst. Meanwhile, many self-healing materials 
based on physical interactions tend to have low mechanical strength but have a tendency to self-
repair at ambient conditions. To overcome this dilemma, a multiphase design for self-healing 
materials has been proposed in which consists of hard phase for mechanical strength and soft 
phase for autonomous self-healing. 26 Also, a dual crosslinked self-healing system using both 
supramolecular and covalent networks have been studied. 27  
 
 
Figure 1.1 Schematic illustration of extrinsic and intrinsic self-healing methods. 
3 
1.3 Scope of my thesis 
The purpose of my thesis is to provide detailed studies on the synthesis and 
characterization of dynamically-crosslinked polymeric materials exhibiting self-healability 
through mainly disulfide chemistry and dual metal-ligand interactions. Chapter 2 presents a 
literature review focusing on recent strategies and chemistries that have explored for the 
development of a variety of novel self-healable materials.  
Chapter 3 presents the dually crosslinked self-healable composites with sulfide and 
disulfide linkages. The sulfide linkage as permanent crosslink provides mechanical strength, 
whereas the disulfide linkage as a reversible crosslink induces self-healing in the networks. 
These crosslinked materials can rapidly self-heal micro-scale cracks (40 – 70 µm) within 0.5 s to 
30 min at room temperature with no aid of external stimuli. They had reversible viscoelastic 
properties that show a unique self-healing elasticity. 
Chapter 4 describes the synthesis of a multiblock copolymer composed of a central 
poly(ethylene glycol) block and various functional symmetric blocks labeled with two distinct 
self-healable units: pendant disulfide linkages and carboxylic acid groups. The copolymer was 
crosslinked with dual disulfide linkages through disulfide-thiol exchange reaction and metallo-
complexation through physical metal-ligand interactions. The resulting dually-dynamic networks 
exhibit rapid self-healing at ambient condition. 




Review of recent strategies to develop self-healable crosslinked 
networks 
 
 (This chapter is reproduced the article published in Chemical Communications, 2015, 51, 
13058-13070 with permission from the publisher) 
 
2.1 Introduction 
Three-dimensionally crosslinked polymers are effective building blocks to develop a variety 
of novel multifunctional materials for various applications in nanoscience, biotechnology, and 
industrial fields.28-36 The effectiveness of high-performance crosslinked materials is due to their 
dimensional stability, mechanical strength, thermal stability, and solvent resistance. Introducing 
the built-in ability to repair physical damage and cracks can effectively prevent catastrophic 
failure, thus extending the lifetime of materials. Consequently, the development of self-healing 
materials defined as "materials where damage automates a healing response" has currently 
attracted significant attention.37-38  
A number of strategies have been reported to develop self-healing polymers. Based on the 
nature of self-healing and external triggers applied, they can be classified into non-autonomous 
and autonomous systems. Non-autonomous self-healing polymers require external triggers such 
as light, temperature, and pH, whereas autonomous self-healing materials do not need any 
triggers to initiate the self-healing process. Alternatively, numerous strategies can be classified as 
intrinsic and extrinsic.39-40 Extrinsic self-healing involves the encapsulation of external healing 
agents, in the form of microcapsules or fibers, impregnated deliberately in the polymer matrix.41-
42 When cracks or damages occur, the contents encapsulated in these containers are released to 
fill the disrupted parts, which then begin self-repairing either by polymerization or chemical 
reactions. In contrast to extrinsic self-healing occurring in a single event, intrinsic self-healing is 
repeatable and occurs in multiple events. Intrinsic self-healing materials are designed with 
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reversible crosslinks, and self-healing is accomplished by bonding upon mechanical damage to 
the system.43-44 When the damage is below the critical limit, the damaged portion can be rejoined  
with the aid of either chemical crosslinking through dynamic covalent bond formation45 or 
physical crosslinking through supramolecular (non-covalent) interactions.19 This article reviews 
the recent advances in the design and development of crosslinked materials exhibiting self-
healability, with a focus on the synthesis and methodology of intrinsic and extrinsic self-healing 
polymers reported in recent years. 
2.2 Intrinsic self-healing methods utilizing reversible chemical crosslinking methods 
The design of these materials involves the incorporation of dynamic covalent bonds as 
crosslinkages in self-healable networks. These reversible linkages are later utilized through the 
reformation of covalent bonds to reattach the fractured materials caused by mechanical forces 
(i.e. cracks or cuts). Unlike physical crosslinking methods based on supramolecular interactions, 
the chemical crosslinking methods utilizing reversible covalent bond formation provide higher 
mechanical strength and dimensional stability. These features can be advantageous in the 
development of tough self-healable materials. Figure 2.1 illustrates several reversible dynamic 
linkages and chemistries that have been explored for the development of novel reversible self-













Figure 2.1 Reversible dynamic linkages and chemistries that have been explored for the development of 
novel reversible self-healable materials. 
 
2.2.1 Redox disulfide chemistry 
Disulfide linkages (SS) are cleaved to the corresponding thiols either under a reducing 
condition in the presence of reducing agents such as phosphines or through thiol-disulfide 
exchange reactions in the presence of thiols.46-47 They can also be cleaved to the corresponding 
thiyl radicals under conditions such as thermal scission,48 mechanical stress,49 or 
photoirradiation.50 Reversibly, the formed thiols or thiyl radicals are utilized to reform disulfide 
bonds by several reactions: oxidation of thiols, thiol-disulfide exchange reaction, and 
recombination of thiyl radicals. Further, disulfide linkages can be exchanged through disulfide 
metathesis (or disulfide rearrangement) catalyzed by phosphine,51 tertiary amine,52-53 or photo-
irradiation.54 These unique redox chemistries enabling the reformation of dynamic disulfide 
bonds have been utilized in the design and construction of disulfide-containing self-healable 
materials.1-3, 55-58   
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Polysulfide-crosslinked epoxy-based thermoset materials with a glass transition 
temperature (Tg) of -35 C were synthesized by polycondensation via a click-type epoxy-thiol 
reaction of an epoxy resin bearing disulfide linkages and a polythiol. These materials are 
designed to have multiple disulfide linkages positioned in long side chains tethered from 
crosslinked networks; this enables the enhanced mobility of disulfide linkages in damaged areas 
(i.e. cracks or scratches). Initial cuts disappeared and mechanical strength was fully restored 
within 1 hr at 60 C.1, 55 In addition, not only the number (or density) but also the mobility of 
disulfide linkages available within polymeric network are important parameters that significantly 
influence self-healability through disulfide redox chemistry.56 
Methacrylate-based disulfide-crosslinked materials were synthesized by atom transfer 
radical polymerization (ATRP) for the chain extension of a disulfide-functionalized 
dimethacrylate from star-shaped core-crosslinked copolymers as macroinitiators. The materials 
are composed of core-crosslinked stars bearing poly(butyl acrylate) arms, with the average 
number of arms per star-shaped core = 23, which are crosslinked with dynamic disulfide linkages 
at their branched peripheries. Sol-gel transition through a reduction-oxidation process allows for 
the preparation of reversibly disulfide-crosslinked star-polymer networks. As seen in Figure 2.2, 
atomic force microscopy (AFM) analysis shows a decrease in the depth of cuts over the time, 
suggesting the occurrence of self-healing at room temperature.2 
 
Figure 2.2 Chemical structure of disulfide-crosslinked star-shaped copolymer (left) and time dependent 
change of height mode AFM image for cut on the surface of reversibly disulfide-crosslinked star-polymer 
network (right): 3D images (a), 2D height mode images (b), and evolution of damage depth for 12 min at 
two positions (c).2 Copyright 2012 American Chemical Society. 
 
More recently, novel dual-sulfide-disulfide crosslinked materials (s-ssPxNs) based on 
linear methacrylate copolymers were developed by utilizing a combination of photo-induced 
 8 
thiol-ene radical addition and oxidation. As illustrated in Figure 2.3, permanent sulfide-
crosslinkages retain the integrity of self-healable s-ssPxN materials with high mechanical 
strength upon physical damage, while dynamic disulfide crosslinkages ensure rapid and room 
temperature self-healing in cracks. Methacylate copolymers having pendant vinyl groups were 
synthesized by free radical polymerization (FRP) followed by post-modification. They were then 
mixed with a polythiol in a non-stoichiometric balance to form lightly crosslinked networks 
having excess thiols (sPxNs) upon UV irradiation. Subsequent oxidation on sPxNs yielded dual 
s-ssPxNs with self-healable disulfide linkages. The resulting s-ssPxN networks exhibit the 
occurrence of rapid self-healing within 30 seconds to 30 minutes, as well as self-healing 
elasticity with reversible viscoelastic properties.59
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Figure 2.3 Illustration of a novel method utilizing click-type photo-induced thiol-ene radical addition and 
oxidation to synthesize dual sulfide-disulfide crosslinked networks (s-ssPxNs) (a), evolution of 
microscope images (b) and kinetics of self-healing (c) over time at room temperature for dual s-ssPxN 
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with different cut sizes of 43 µm wide (upper) and 73 µm wide (middle), compared with a control of 
sPxN with no disulfide (bottom). Copyright 2015 Wiley Interfaces. 
2.2.2 Diels-Alder (DA)/retro-DA chemistry 
DA reaction is a thermally-induced [4+2] cycloaddition of a diene and a dienophile. 
Furan group and maleimide groups are generally used as typical diene and dienophile, 
respectively. The resulting DA adduct undergoes a cleavage reaction (called retro-DA reaction) 
at high temperatures, re-generating the corresponding diene and dienophile. They then reform 
DA linkages. This reversible DA/retro-DA reaction has been utilized for the development of 
thermally-induced, self-healable materials. Various approaches that have been explored can be 
classified based on the chemical structures of polydienes and polydienophiles for step-growth 
polymerization through polyaddition.   
Approach I utilizes the direct polyaddition of small molecules of polydienes and 
polydienophiles at a moderate temperature ( 60-80 C).60-61 As illustrated in Figure 2.4, 
thermally remendable crosslinked materials were synthesized by polyaddition of a four-arm 
furan-labeled monomer (4F) and a three-arm maleimide-labeled monomer (3M). The rate of 
polymerization increased with an increasing DA reaction temperature. For the resulting DA-
crosslinked materials, the healing efficiency of cracks through retro-DA reactions was 50% at 
150 C and 41% at 120 C.60 Single-component DA-crosslinked polymeric materials were 
synthesized by polyaddition of a bifunctional monomer functionalized with cyclopentadiene 
acting as both diene and dienophile. The monomer was generated by the retro-DA reaction of the 
corresponding dicyclopentadiene-based monomer. The mending efficiency of the network was 
40-60%.62 These materials were further used to enhance interlaminar properties in epoxy-based 
composites. An introduction of a plasticizer into DA-crosslinked materials can enhance the 
reformation efficiency of DA-adducts followed by retro-DA reaction. For example, the use of 
benzyl alcohol as a plasticizer allows for the improvement of self-healing recovery in DA-
crosslinked materials composed of a polyfunctional furan and 1,1-(methylenedi-4,1-
phenylene)bismaleimide (BM). Such enhancement is attributed to an increase in free volume and 
molecular mobility of the polymeric network.63 Details on the synthesis and self-healing of DA-




Figure 2.4 Illustration of Polycondensation through DA reaction of a four-arm furan-labeled monomer 
(4F) and a three-arm maleimide-labeled monomer (3M) to form DA-crosslinked materials.60 
 
Approach II involves the synthesis of polymethacrylates bearing pendant furan groups by 
chain-growth polymerization of a methacrylate functionalized with a furan group. Random 
copolymers having pendant furan groups were synthesized by controlled radical polymerization 
methods including ATRP65-67 or reversible addition fragmentation chain transfer (RAFT) 
polymerization.68 The resulting copolymers were crosslinked with BM through DA reactions. 
FT-IR technique was used to investigate thermal reversibility of the resulting DA-crosslinked 
networks by monitoring a decrease in a peak for furan rings (1010 cm-1) for DA reaction and a 
disappearance of a peak for C=C vibration (1630 cm-1) for retro-DA reaction. The DA linkages 
were disrupted to the corresponding diene and dienophile at 100 C, and then restored upon 
cooling down to room temperature. Scanning electron microscopy (SEM) images  show that the 
distinctive cracks made on the surface of networks were completely healed upon heating at 120 
C for 4 hrs.67 Further, ABA-type triblock copolymers consisting of a soft poly(2-ethylheyxyl 
acrylate) in the middle (B block) and a glassy and hard poly(furfuryl methacrylate) at the ends (A 
blocks) were synthesized by ATRP. The resulting polymers formed DA-crosslinked networks in 
the presence of BM crosslinker. Similar results of thermally-driven self-healing behavior on 
damaged films were observed (Figure 2.5).69  
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Figure 2.5 Schematic illustration of DA and retro-DA reaction occurred in reactive mixtures consisting of 
a ABA triblock copolymer having pendant furfuryl groups with 1,1-(methylenedi-4,1-
phenylene)bismaleimide for thermally-driven self-healing.69 Copyright 2010 American Chemical Society. 
 
Approach III involves the synthesis of liner polymers having pendant furan groups by 
post-modification of polybutadiene,70-71 polyamides,72 or polyketones73 with furfuryl amine. For 
example, furan-functionalized polyketones were synthesized by Paal-Knorr reaction of the 
polyketones with furfuryl amine. The resulting polyketones were then mixed with BM to form 
DA-crosslinked materials at 50 C. Repeatable self-healing of the materials through retro-DA 
reaction was observed at 110 C within <30 min.73 
Other approaches have also been reported to synthesize self-healable materials; including 
DA-crosslinked networks based on epoxy resin by polycondensation74-75 and DA-labeled block 
copolymer at the block junction by ATRP.40  
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2.2.3 Hindered urea chemistry 
Urea bonds bearing a bulky group on the nitrogen atom can dissociate into the 
corresponding isocyanate and amine; they then reversibly form the urea bonds.4 This dynamic 
hindered urea chemistry has been explored in the development of catalyst-free, low-temperature 
crosslinked self-healing of poly(urethane-urea) containing hindered urea bonds (HUBs). As 
illustrated in Figure 2.6, the HUBs in cuts were involved in the reverse process of typical urea 
bond formation, leading to the occurrence of autonomous repairing for 12 hrs at 37 C.5 This 




Figure 2.6 Schematic illustration of self-healing process (a), chemical structures and ratios of 
components used for the synthesis (b), and selected snapshots during the course of self-healing 
experiments of HUB-based crosslinked poly(urethane-urea) materials (c). TMPCA: 2,2,6,6,-
tetramethylpiperidinylcarboxyamide, TBEU: 1-(t-butyl)-1-ethylurea, and DEU: 1,1-diethylurea.5 
Copyright 2014 Nature Publishing Group. 
 
2.2.4  Other reversible chemistry 
Thiuram disulfide (TDS) moieties were introduced into polyurethane-based crosslinked 
materials. When exposed to visible light, TDS units underwent radical reshuffling with 
neighboring TDS units to reform disulfide bonds through radical transfer reaction or radical 
crossover reaction. This disulfide reshuffling induced self-healing on damaged areas. Their self-
healing behavior was followed by cutting a cylindrical sample into two pieces, which were 
contacted under visible light at room temperature. After 24 hrs, the ruptured pieces were re-
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annealed together, exhibiting similar mechanical properties as before the physical damage.76 In 
addition, alkoxyamine,7-8 diarylbibenzofuranone (a dimer of arylbenzofuranone),9 
trithiocarbonate,77 acylhydrazone,78-80 and imine,81 as well as olefin metathesis,82 boronic ester,10-
12 and coumarin dimer83 have also been explored for the development of intrinsic self-healing 
materials. 
2.3 Intrinsic self-healing methods utilizing reversible physical crosslinking 
The methods utilize non-covalent interactions, typically hydrogen bonding, π-π, metal 
complexation, ionic, and host-guest interactions. The formed physical crosslinks are easily 
disrupted in response to external stimuli such as pH, temperature, heat, and mechanical stress. 
Such physical disruptions are restored to their original interactions due to the unique reversibility 
of the physical crosslinks.  
2.3.1 Hydrogen bonding interactions 
Hydrogen bonding strategy for the development of self-healable supramolecular 
materials requires the introduction of hydrogen bonding motifs as donors and acceptors into 
polymers as in pendant chains, in arms, or at chain ends. Widely-explored hydrogen bonding 
motifs include 2-ureido-4-pyrimidinone (Upy)84 and secondary amide groups. Thymine/2,6-
diaminotriazine,85 urea moieties,86 and carboxylic acids87-88 have also been used. These groups 
enable the formation of reversible supramolecular crosslinking networks through their 
intermolecular hydrogen bonding. Upon physical damages, the supramolecular crosslinks are 
disrupted; however, they can be reformed because of their unique reversibility. Monofunctional 
and difunctional Upy-conjugated poly(ethylene glycol) (UPy-PEG) was synthesized by a facile 
conjugation of UPy and PEG. The mixture of these conjugates self-assembled in water to form 
fibril-embedded hydrogels. Their structural and mechanical properties, as well as self-healability, 
were regulated by varying the ratios of monofunctional to crosslinking difunctional UPy-PEG.89  
A concern for most self-healable materials utilizing hydrogen bonding interactions is 
their weak mechanical strength due to the use of soft polymers as self-healable matrix. A 
promising strategy that has been proposed to overcome this challenge is the incorporation of hard 
domains into soft supramolecular polymeric matrix containing hydrogen bonding motifs. The 
presence of hard domains provides toughness and mechanical strength, while soft matrix 
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promotes the mobility of hydrogen bonding groups for self-healing. For example, well-controlled 
bottle brush polymers were synthesized by a combination of FRP and ATRP. They consist of 
polystyrene (PS) backbone (high Tg) as a hard phase and polyacrylate amide (PA-amide) brushes 
(low Tg) as a soft phase. The brush polymers collapsed into core-shell nanostructures, which 
further assembled to two-phase nanostructures. They consist of hard polystyrene domains 
microphase-separated in a soft matrix, which contains secondary amide groups that are capable 
of forming dynamic supramolecular networks, having both hydrogen bond donor and acceptor 
functionalities. The resulting supramolecular assembly was reversibly broken and reformed, 
affording spontaneous self-healing behavior (Figure 2.7).90 Diblock copolymers synthesized by 
RAFT polymerization consist of a hard PS block and a soft poly(n-butyl acrylate) (PBA) block, 
functionalized with an UPy motif at one end, thus forming PS-PBA-UPy. Dimerization of two 
UPy units allowed for the synthesis of well-controlled ABA triblock copolymers, thus forming 
PS-b-PBA-(UPy-UPy)-PBA-b-PS. These copolymers formed a microphase-separated 
thermoplastic elastomers of hard PSt domains in PBA soft matrix with reversible hydrogen 
bonding interactions to afford dynamic self-healing properties.91 Similar approaches have also 
been  reported, including ABA triblock copolymers with pendant amide groups in the A blocks,26 
core-shell particles having amide groups in arms,13 and polyurethanes having UPy groups.15  
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Figure 2.7 Schematic illustration of hydrogen-bonding brush polymer consisting of polystyrene backbone 
(high Tg) as a hard phase and polyacrylate amide brushes (low Tg) as a soft phase and its supramolecular 
assembly to form two-phase microstructures, consisting of hard polystyrene domains microphase-
separated in soft matrix containing secondary amide groups that are capable of forming dynamic 
supramolecular networks.90 Copyright 2014 Nature Publishing Group. 
 
2.3.2 π-π interactions 
Self-healing through dynamic π-π stacking utilizes aromatic units, mostly pyrene 
moieties as π-electron-rich residues and diimide units, as π-electron-deficient residues. The two 
residues form complexes adopting chain-folded conformation through π-π stacking interactions. 
These supramolecular interactions can be disrupted and reoriented upon thermal response. As a 
consequence, physical damages are subsequently healed. As a typical example, Figure 2.8 
illustrates a polymer blend consisting of a chain-folding polydiimide (1) and a telechelic 
polyurethane with pyrenyl end groups (2). The reactive blend yielded supramolecular crosslinked 
material induced by π-π stacking with thermal reversibility. Self-healing behavior was observed 
at temperatures >50 C.92-93 Further, the design of new monomers with multiple aromatic units94 
or the introduction of cellulose nanocrystals (CNCs)95 and gold nanoparticles (AuNPs)96 
enhanced mechanical strength of the self-healable networks. 
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Figure 2.8 Illustration of π-π interaction between a polydiimide and a pyrenyl end-capped polymer.96 
Copyright 2013 Royal Society of Chemistry. 
 
2.3.3 Metallo-supramolecular interactions 
This method utilizes metal-ligand interactions where polymeric ligands are designed to 
have ligand motifs that bind to metal ions at the chain ends or in the side chains. Upon the 
incorporation of metal ions, such as Zn, Fe, Co, and Ni, linear supramolecular polymer or 
supramolecular crosslinked network can be formed through specific metal-ligand interaction. 
These interactions can be disrupted physically, thermally, or upon UV irradiation. Subsequent 
restoration of such interaction can induce self-healing behavior of the material.  
2,6-Bis(1-methylbenzimidazolyl)pyridine (Mebip) and its oxy-derivatives97 have been 
used as a ligand motifs that bind to zinc ions. For example, poly(ethylene-co-butylene) 
copolymers having Mebip ligands at their termini were synthesized and interacted with Zn ions 
through metal-ligand interactions to form metallo-supramolecular polymers (Figure 2.9). The 
resulting network had relatively high mechanical strength with storage modulus (G )´ 107 Pa. 
After exposure to UV, the Mebip-Zn interactions were electronically excited. The absorbed 
energies were converted into heat to induce the dissociation of network. When UV-light was off, 
the metal-ligand interactions were reassembled, leading to the occurrence of self-healing.98  An 
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introduction of CNCs into the supramolecular mixture reinforced mechanical properties (G  ´ 
108 Pa at higher concentration of Zn2+).99 In addition, poly(butyl acrylate-co-methyl 
methacrylate) bearing pendant Mebip units were synthesized. An addition of Zn metal ions 
resulted in the formation of metallo-supramolecular crosslinked network containing hard metal-
ligand rich-domains phase-separated in soft polyacrylate phases. The healing process was 
observed both optically and thermally. Further unique triple shape memory transitions were 
studied at different temperatures.100 
Other ligand motifs have also been explored for the development of metallo-
supramolecular self-healable materials, including 2,6-bis(1,2,3-triazole-4-yl)pyridine (BTP),101-
103 imidazole,104 tyrosine,105 polyethyleneimine,106 triazole,107 and terpyridine.108-109 
 
 
Figure 2.9 Schematic illustration of metal-ligand interaction between Mebip units and Zn ions98. 
Copyright 2011 Nature Publishing Group. 
 
2.3.4 Ionic interactions 
This method toward reversible physical self-healing utilizes ionic crosslinking between 
anionic polymers and cationic species as metal ions, small molecules, or macromolecules. The 
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formed ionic crosslinking networks can be broken when physically disrupted and subsequently 
restored in response to change in stimuli at an ambient condition.  
Multivalent ferric ions were used to form ionically-crosslinked self-healable materials 
with chemically-crosslinked hydrogels based on poly(acrylic acid) having pendant COOH 
groups110-111 and catechol-functionalized polyallylamine.21 As seen in Figure 2.10, the ionically-
crosslinked hydrogels with relatively low storage modulus (G  ´ 104 Pa) exhibit autonomous 
self-healing through dynamic bonding of physical crosslinking and migration of ferric ions.110 
Cationic macromolecules (oligomers or polymers) have been used.112-113 One example is  high-
water-content moldable hydrogels consisting of sodium poly(acrylic acid), with a multivalent 
G3-dendrimer functionalized with terminal guanidiuium ion groups in the presence of clay 
nanosheets.112 Other ionically crosslinked hydrogels were prepared by ionic interactions of 
poly(allylamine) mixed with multivalent anions such as tripolyphosphate,114 or poly(N,N-
dimethylacrylamide) with clay particles.115   
Layer-by-layer approaches of anionic and cationic species through ionic interactions have 
also been explored. The resulting multi-layered hydrogels exhibit self-healing; further, 






Figure 2.10 Schematic illustration of ionically-crosslinked hydrogels of poly(acrylic acids) with ferric 
ions (a) and digital images showing the occurrence of autonomous self-healing through dynamic bonding 
of physical crosslinking (b-f).110 Copyright 2013 Royal Society of Chemistry. 
 
2.3.5 Host-guest interactions 
Specific interlocking host-guest interactions are reversibly disassembled in response to 
stimuli such as redox potential, pH, and temperature. Such reversibility has been explored in the 
design of self-healing polymeric materials in the form of supramolecular hydrogels, nanofibers, 
and organo-gels. Details on synthesis and self-healing through host-guest interactions have been 
described in a review.17 
Cyclodextrin (CD) moieties as host molecules and ferrocene (Fc) moieties as guest 
molecules have been used. Uncharged Fc moieties formed strong complexes with CD moieties in 
host-guest manner. On the other hand, charged Fc moieties upon oxidation induced the 
dissociation of host-guest complexes which can be restored under a reductive condition.121-123 
Poly(acrylic acid) (PAA) was modified with CD, forming PAA-CD, and with Fc, yielding PAA-
Fc. As illustrated in Figure 2.11, the mixture of PAA-CD and PAA-Fc formed supramolecular 
hydrogels through host-gust interactions. Upon oxidation and reduction of Fc moieties, these two 
pieces were rejoined and the crack was sufficiently healed to form one gel after standing for 24 
hrs.121 Two types of oligo(ethylene glycol) terminated with CD and Fc were synthesized and 
 20 
mixed at a 1/1 mole ratio of host/guest units to form supramolecular fibrous nanostructures in 
aqueous solution due to interlocking host-guest interactions. Transmission electron microscopy 
images show self-degradation of nanofibrous structure upon oxidation and reassembly of 
degraded fibers upon reduction within 2 hrs.123  
Crown ether-based molecular recognition has been explored for the synthesis of self-
healable materials.124-125 For example, copolymers based on poly(methyl methacrylate) having 
pendant crown ether units as host moieties was synthesized. These host moieties were 
crosslinked with alkyl dialkylammonium guest moieties, forming crosslinked organogels. A few 
minutes after their macroscopic damages, the occurrence of self-healing on cuts was visible to 
the naked eye. Further, the self-healable gels show repeatable restoration of G and G.124  
 
 
Figure 2.11 Schematic illustration of host-guest interactions between PAA-CD and PAA-Fc to form self-
healble suparmolecular hydrogels (a) and their digital images showing gel-sol transition .121 Copyright 
2011 Nature Publishing Group. 
 
2.4 Extrinsic self-healing methods 
In contrast to intrinsic self-healing systems, where materials themselves are self-healable 
through reversible chemical reactions or physical interactions, extrinsic self-healing systems 
contain external healing agents such as monomers, catalysts, or crosslinkers in the forms of 
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capsules, fibers, or vasculatures. These reactive containers are impregnated in polymeric matrix. 
When crack or damage occurs, the healing agents are released into cracks from ruptured 
containers to heal the materials by a designed polymerization or a chemical reaction. Extrinsic 
self-healing materials can be categorized into two self-healing systems: capsule-based and 
microvascular. This section focuses on only capsule-based extrinsic self-healing materials. 
Details for microvascular systems are summarized in review and recent publications.126-127 
Capsule-based extrinsic self-healing systems require the design of micron-sized capsules 
that sequester either healing agents or catalysts. Microcapsules, in most cases, are embedded in 
polymeric matrix (or coatings) that contain healing agents that are needed for self-healing. Upon 
the rupture of the microcapsules via puncture or crack in the matrix, the sequestered healing 
agents flow into crack planes via capillary action and mix with other healing agents for 
polymerization or crosslinking to plug crack planes. A number of parameters have to be 
considered in the design and synthesis of microcapsules for effective microcapsule-based self-
healing. These parameters include not only size (micron to nano) and uniform distribution of 
capsules but also mechanical strength and miscibility of shells with matrix. The shells should be 
designed to be strong enough to retain the integrity of capsules embedded in the dried coatings. 
Typical shell-forming polymers include urea-formaldehyde, melamine-formaldehyde, and 
polyurethane resins. They are generally prepared by in situ and interfacial encapsulation 
techniques utilizing the occurrence of polymerization at interfaces of droplets in an oil-in-water 
(o/w) emulsion. Several strategies using well-known polymerization methods and chemical 
reactions have been explored to develop capsule-based extrinsic self-healing materials.  
2.4.1 Ring opening metathesis polymerization (ROMP) 
The first generation of microcapsule-based self-healing materials has utilized living 
ROMP.128 Microcapsules of dicyclopentadiene (DCPD) in urea-formaldehyde shells (50 - 200 
m) were prepared by a general protocol for interfacial encapsulation method. Hydrophobic 
DCPD monomers were emulsified in the presence of ethylene maleic anhydride copolymers in 
aqueous solution containing urea. Under agitation, an addition of formaldehyde yielded 
microcapsules, which were isolated and air-dried. As illustrated in Figure 2.12a, the formed 
DCPD-containing microcapsules were embedded in epoxy-based matrix formulated with a first-
generation Grubb’s catalyst. When mechanical damage occurred, self-healing was triggered by 
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the rupture of microcapsules, releasing DCPD into the cracks and driven by capillary force. The 
released DCPD was mixed with ruthenium-based Grubb’s catalyst to be polymerized via ROMP 
at room temperature within minutes (Figure 2.12b). The crack-healing efficiency of these epoxy 
composites was assessed by fracture test using a tapered double cantilever beam specimen. As 
seen in Figure 2.12c, the self-healable composites required greater load for the fracture, 
compared with control composite with no self-healable microcapsules.129 The effect of 
ruthenium catalysts130 and stereoisomers of DCPD131 on self-healing kinetics have been further 
explored.  
Several approaches to maximize self-healing efficiency for the epoxy materials have been 
explored. Wax-protected catalysts in microspheres enabled the improvement of poor 
dispersibility of catalysts in epoxy matrix.132-133 The size of microcapsules is critical in that the 
amount of DCPD delivered to the cracks linearly increased with their size. Self-healing reached 
maximum levels when sufficient DCPD is available to entirely fill the cracks.134 In contrast to 
micron-sized capsules, nanometer-sized capsules can be beneficial in thin films or 
microelectronic coatings, which usually have cracks on smaller length scales. Emulsion (or 
miniemulsion)-solvent evaporation methods allow for the synthesis of submicron-sized capsules 






Figure 2.12 Pictorial depiction of healing mechanism of urea-formaldehyde microcapsule (a), healing 
chemistry utilizing ROMP of DCPD in the presence of Grubb’s catalyst (b), and healing efficiency is 
obtained by fracture toughness testing of tapered double-cantilever beam (TDCB) specimens (c).129 
Copyright 2001 Nature Publishing Group. 
 
2.4.2 Controlled radical polymerization (CRP) 
ATRP is a versatile and powerful CRP technique that allows for the synthesis of well-
controlled (co)polymers with narrow molecular weight distribution.137-138 As illustrated in Figure 
2.13, ATRP has been explored to heal damage. Microcapsules of glycidyl methacrylate in 
melamine-formaldehyde shells were dispersed in matrix consisting of poly(methyl methacrylate) 
terminated with Br groups (PMMA-Br) prepared via ATRP. When the microcapsules were 
ruptured, the released glycidyl methacrylate (GMA) was chain-extended through ATRP from 
PMMA-Br ATRP macroinitiators mediated with Cu species at ambient temperatures to form 
PMMA-b-PGMA diblock copolymers. Such chain extension via ATRP enabled self-healing.139 
RAFT polymerization has also been utilized in self-healing. Similarly, polystyrene prepared via 
RAFT polymerization was mixed with melamine-formaldehyde microcapsules containing GMA. 
Upon the rupture, GMA was polymerized from polystyrene macroinitiator under a RAFT 




Figure 2.13 Illustration of ATRP of GMA from PMMA-Br macroinitiator for microcapsule-based 
extrinsic self-healing.  
 
2.4.3 Azide-alkyne click chemistry 
Small molecular weight alkynes and three-arm star polyisobutylene azides were 
encapsulated separately in phenol-formaldehyde microcapsules; they were impregnated in high 
molecular weight polyisobutylene matrix containing Cu(I) species. As illustrated in Figure 2.14, 
azide-alkyne click reaction in the presence of Cu(I) species was triggered to heal cracks when 
microcapsules were ruptured upon impact releasing sequestered alkyne and azide.141 
 
 
Figure 2.14 Design and extrinsic self-healing of polyisobutylene matrix embedded with microcapsules of 
small molecular weight alkynes and three-arm star polyisobutylene azides separately via azide-alkyne 
click reaction in the presence of Cu(I) species.141 Copyright 2011 Wiley Interfaces. 
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2.4.4 Polyaddition 
A number of unique chemistries have been explored; Figure 2.15 illustrates typical 
examples. In addition to the use of ROMP described above, epoxy-amine reaction has been 
utilized for the development of self-healable epoxy-based materials. Reports describe the design 
and use of microcapsules containing solvent/reactive epoxy in urea-formaldehyde shell,142 
epoxy/mercaptan in melamine-formaldehyde shell,143 and reactive amine in polyurethane 
shell.144 These reactive microcapsules were embedded in self-healable epoxy composites and 
ruptured to be able to cure epoxy. Transition metal-catalyzed hydrosilylation  has been explored 
to develop polydimethylsiloxane (PDMS)-based self-healing materials.145-146 Particular materials 
contained siloxane-based healing agents phase-separated in vinyl ether matrix and polyurethane 
microcapsules containing di-n-butyl tin dilaurate catalyst. Upon the damage, capsules were 
broken to release tin catalysts. Tin-catalyzed polycondensation of hydroxyl-terminated PDMS 
with polydiethoxysiloxane in the contact with tin catalysts resulted in self-healing.  
One of the drawbacks of most extrinsic self-healing systems via ROMP, controlled 
radical polymerization, and tin-catalyzed polycondensation is associated with the presence of 
catalysts. These drawbacks include catalyst availability, cost, and environmental toxicity, as well 
as stability, materials processing, and residual catalysts remaining in materials. Recently, 
catalyst-free extrinsic self-healing systems have been reported. A system utilizes polyaddition 
through the formation of urea linkages in the presence of moisture. Polyurethane-based 
microcapsules containing reactive isocyanates such as isophorone diisocyanate147 or an 
isocyanate-rich polyurethane prepolymer148 were prepared by an interfacial encapsulation 
technique in O/W emulsion. Another system utilizes a photo-induced chain-growth 
polymerization.149-150 A vinyl-functionalized PDMS and a photo-initiator were encapsulated in 
urea-formaldehyde microcapsules. Upon the crack, photo-crosslinking of the released reagents 
from the microcapsules occurred to attain photo-induced self-healing. These materials could be 










Recent advances in the development of intrinsic and extrinsic methods to synthesize novel 
self-healable polymeric materials are summarized. Extrinsic self-healing methods utilize the 
encapsulation of extra healing agents such as monomers, crosslinkers, and catalysts in capsules-
like structures. Upon damage, the encapsulated healing agents are released to fill the fractured 
parts where polymerization takes place to heal the cracks. Even though most methods can heal 
large damaged areas, they exhibit a single event of self-healing due to the depletion of the 
encapsulated healing agents. In contrast, intrinsic self-healing methods utilize reversible (or 
dynamic) chemical crosslinking through the formation of dynamic covalent bonds and non-
covalent crosslinking through supramolecular interactions. Numerous approaches to synthesize 
reversible, repeatable self-healing networks have been proposed; however, most intrinsic self-
healing systems require initiation by external stimuli such as temperature, pH, light, or chemicals.  
Future design and development of effective self-healing materials that can be used in a wide 
range of biomedical and industrial applications require a high degree of control over properties. 
They include i) the occurrence of multiple self-healing events, ii) the minimal or no use of 
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external stimuli, iii) the unchanged integrity of original materials upon multiple healing cycles, 
and iv) the high mechanical strength while also maintaining dynamic physical or chemical 
interactions. Numerous crosslinked systems are built on soft polymeric materials such as 
hydrogels and organogels. Most of them exhibit great self-healability; however, they still suffer 
from various applications requiring high mechanical strength. In an attempt to enhance 
toughness while retaining self-healability for supramolecular materials, an innovative design 
featuring the incorporation of hard domains or nanoparticles into soft matrix has been explored. 
Nevertheless, more studies should be focused on the development of tough self-healing 
polymeric materials. Further, most self-healing materials that have been reported utilize single 
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3.1 Introduction 
Inspired by nature, self-healing or self-repairing is a desired property in the design and 
development of high-performance polymeric materials in a broad range of applications, such as 
surface coatings, tissue engineering, and sensors. Such increasing attention to the development of 
novel self-healable materials is attributed to their built-in ability to repair physical damages, 
effectively preventing catastrophic failure and extending the lifetime of materials. The physical 
damages at micro- and meso-scale to be healed include fractures due to mechanical deformation, 
chemical corrosion, and degradation by irradiation. 
Several strategies have been proposed to develop self-healing polymeric materials.38, 42, 
126, 151 Extrinsic self-healing method involves the encapsulation of extra healing agents such as 
crosslinkers and catalysts in nanocontainers such as microcapsules and porous composites.41, 150 
These extra agents are then released after a crack reached mostly microcapsules and can be 
subsequently polymerized within the crack after contact with catalyst/initiator embedded in the 
matrix.152 Although this method could heal large damaged volumes, it is not reversible upon the 
release of extra healing agents.153 More promisingly, intrinsic self-healing method involves the 
incorporation of functionalities that are utilized to reattach the fractured parts of self-healable 
materials with no aids of extra agents.45 An approach involves the use of non-covalent bonds 
through physical crosslinking mechanisms19 such as - stacking,18-19 ionic interaction,110 metal-
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ion binding,20-25 hydrogen bonding,13-16 host-guest interactions,17 and redox.123 In contrast, the 
use of reversible covalent bond formation can provide higher mechanical strength and higher 
stability for self-healing materials. The dynamic covalent bonds are able to reform after having 
sustained damages. Typical examples for reversible bond formation include mainly Diels-
Alder/retro-Diels-Alder reactions,64, 67, 74, 154-155 alkoxyamine recombination,7-8 urea chemistry,5, 
156 and living polymerization.40, 157 However, these reactions requires the external stimuli such as 
heat, light, chemicals, or oxygen that trigger the bond reformation or the use of specific urea 
molecules having large groups. In this context, the development of methods that enable rapid 
self-healing with no aids of external stimuli at room or even lower temperature is highly desired.9 
Disulfide chemistry is unique in that the exchange of disulfides and the corresponding thiols and 
thiyl radicals is reversible.76, 158 Examples include self-healing at higher temperature (65 ºC) in 
epoxy-based disulfide-containing resins prepared by polycondensation1 or even under ambient 
conditions in disulfide-crosslinked films based on star-shaped copolymers.2 A report also 
describes room-temperature self-healing through disulfide metathesis in the presence of a 
phosphine as an external reducing agent.3 Despite these advances, however, the exploration of 
disulfide chemistry to synthesize polymeric materials based on chain-growth polymers exhibiting 
self-healability at ambient temperature is in infancy.  
Herein, we report dual sulfide-disulfide crosslinked materials (s-ssPxNs) based on 
methacrylate copolymers exhibiting the rapid occurrence of room temperature self-healing 
within tenth seconds to minutes, with no extra healing agents and no change in any 
environmental conditions. As illustrated in Scheme 3.1, our method combines photo-induced 
thiol-ene click-type radical addition of methacrylate copolymers having pendant vinyl groups 
(P2-ene) with a polythiol in a non-stoichiometric balance, generating lightly sulfide-crosslinked 
polysulfide-based networks with excess thiols, and their oxidation, creating dynamic disulfide 
crosslinkages to yield dual s-ssPxNs. An advantage of the approach is to easily tune disulfide-
crosslinking densities (i.e. tunable kinetics of self-healing) with the extent of oxidation (i.e. the 
amount of oxidizing agent). Another is to retain integrity of crosslinked materials when damaged 
by external force, which is attributed to both sulfide (permanent) and disulfide (reversible) cross-




Scheme 3.1 Illustration of our method utilizing click-type photo-induced thiol-ene radical addition and 
oxidation to synthesize dual sulfide-disulfide crosslinked networks (s-ssPxNs). 
 
3.2 Experimental section 
3.2.1 Instrumentation and analyses 
1H-NMR spectra were recorded using a 500 MHz Varian spectrometer. The CDCl3 
singlet at 7.26 ppm was selected as the reference standard. Monomer conversion was determined 
by gravimetry (120 ºC/4 hr). Molecular weight and molecular weight distribution were 
determined by gel permeation chromatography (GPC). An Agilent GPC was equipped with a 
1260 Infinity Isocratic Pump and a RI detector. Two Agilent columns (PLgel mixed-D and 
mixed-C) were used with DMF containing 0.1 mol% LiBr at 50 °C at a flow rate of 1.0 mL/min. 
Linear poly(methyl methacrylate) standards from Fluka were used for calibration. Aliquots of 
polymer samples were dissolved in DMF/LiBr. The clear solutions were filtered using a 0.25 m 
PTFE filter to remove any solvent-insoluble species. A drop of anisole was added as a flow rate 
marker. 
3.2.2 Differential scanning calorimetry (DSC) 
Thermal properties including glass transition temperature (Tg) of polymers and gels were 
measured with a TA Instruments DSC Q20 differential scanning calorimeter. Polymer samples 
were dried under vacuum for 24 hrs at room temperature to remove residual solvents. 
Temperature range was from -70 to 200 C with heating and cooling cycles conducted at a rate 
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of 10 C/min (cycles: cool to -70 C, heat up to 200 C (1st  run), cool to -70 C, heat up to 200 
C (2nd run), and cool to 25 C). The Tg values were determined from the 2nd heating run. 
3.2.3 Thermogravimetric analysis (TGA) 
TGA measurements were carried out using a TA instruments Q50 analyzer. Typically, 
polymer samples (5-10 mg) were placed into a platinum pan and heated from 25 °C  to 800°C at 
a heating rate of 20 °C per minute under nitrogen flow.  
3.2.4 Materials 
Triethylamine (Et3N, > 99.9%), 2,2-dimethoxy-2-phenylacetophenone (DMPAc, 99%) as 
a photoinitiator, 2,2 -´azobis(2-methybutyronitrile) (AMBN, > 98%), tris(3-mercaptopropionate) 
(TriSH  > 95%), iodine (> 99.8%) , KBr (> 99%), and 4-pentenoyl chloride (PA-Cl, 98%)  were 
purchased from Aldrich and used as received. EHMA and HEMA from Aldrich were purified by 
passing them through a column filled with basic alumina to remove inhibitors. 
3.2.5 Synthesis of high molecular weight P2-ene 
To synthesize P1-OH precursor by FRP, EHMA (3.0 g, 15 mmol), HEMA (0.84 g, 6.5 
mmol), and anisole (4.2 mL) were mixed in a 50 mL Schlenk flask. The mixture was 
deoxygenated by purging under nitrogen for 40 min and placed in an oil bath pre-set at 75 ºC. A 
nitrogen-prepurged solution of AMBN (39 mg, 0.19 mmol) in anisole (0.5 g) was injected into 
the Schlenk flask to initiate polymerization. Polymerization was stopped after 3 hrs by cooling 
the reaction vessel in an ice bath. For purification, as-synthesized polymer solutions were 
precipitated from cold MeOH. The precipitates were then dried in vacuum oven at room 
temperature for 18 hrs. To synthesize P2-ene, a clear solution of PA-Cl (1.4 mL, 13 mmol) in 
anhydrous tetrahydrofuran (THF, 10 mL) was added drop wise into a mixture containing of the 
purified dried P1-OH (3.8 g, 6.5 mmol of OH groups), Et3N (2.7 mL, 19 mmol), and THF (190 
mL) in an ice bath under stirring. The resulting mixture was stirred at room temperature for 18 
hrs. The formed solids as by-products (Et3N-HCl adducts) were removed by vacuum filtration. 
The resulting mixture was then washed 5 times with water (200 mL). As-synthesized polymer 
solutions were precipitated from cold MeOH. The precipitates were then dried in vacuum oven at 
room temperature for 18 hrs. 
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3.2.6 Photo-induced thiol-ene radical addition reaction 
To synthesize sulfide-crosslinked gels (sGels), a series of thiol-ene reactive blends at 
different mole ratios of [SH]o/[vinyl]o = 1/1-20/1 were prepared. As a typical example to 
prepare sGel-15, the purified, dried P2-ene (0.38 g, 0.65 mmol of vinyl groups), TriSH (1.3 g, 
9.8 mmol of SH groups), and DMPAc (51 μL, 0.1 g/mL stock solution in THF) were dissolved 
in THF (11 g) to prepare a reactive blend at [SH]o/[vinyl]o = 15/1 in THF. Aliquots of the 
resulting blend were exposed to UV light at  = 350 nm for 10 min to synthesize sGel-15. 
Similar procedure was used to synthesize other sGels from the reactive blends containing 
different amounts of TriSH. 
3.2.7 Oxidation of sPxNs 
To synthesize dual sulfide-disulfide crosslinked gels (s-ssGels), the same amount of 
sGels (0.33 g) was mixed with different amounts of a stock solution of iodine in THF (1 g) for 12 
hrs. The resulting mixtures were then dried under vacuum for 48 hrs to completely remove THF. 
3.2.8 Gel content measurement 
Aliquots of sGels and s-ssGels (approximately 0.1 g) were mixed with THF (9.5 mL) 
under magnetic stirring for 48 hrs. The mixtures were subjected to centrifugation (5000 rpm x 15 
min x 4 ºC). After the supernatants were decanted, the precipitates were dried in vacuum oven 
for 48 hrs to remove the trace of THF. Gel content was calculated as the weight ratio of dried 
precipitates to (P2-ene+TriSh) in the reactive mixtures. 
3.2.9 FT-IR measurements 
FT-IR spectra of all the samples were recorded on a Nicolet 6700 FT-IR spectrometer 
using KBr pellets. All spectra were recorded with 64 scans in resolution of 4 cm-1 at room 
temperature in the range of 400-4000 cm-1. The dried sGels and ssGels were mixed with KBr 
powders to prepare pellets for FT-IR measurements. Background noises were corrected with 
pure KBr. For data processing, the baselines of all spectra were corrected.  
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3.2.10 Optical microscopy 
Self-healing behavior of s-ssGels was observed by a microscope (Olympus BX51) with 
fluorescence filters (BP 460-490 excitation and BA520IF emission) coupled with a digital 
camera. For non-oxidized gels such as sGel-1, no filters were needed. Fresh cuts were made 
using a sharp blade on surfaces of s-ssGels and sGel-1 to monitor their healing behavior at room 
temperature.     
3.2.11 Rheological measurements 
Viscoelastic properties (G and G moduli) of sGels were measured on a DHT-2 
rheometer (TA Instruments, USA) in amplitude oscillatory shear mode with parallel plate 
geometry (8 mm diameter). The gap was set to obtain an axial force around 1 N at room 
temperature, and oscillation frequency was varied from 0.1 to 100 rad/s at 5% strain. In addition, 
the elasticity of ssGels were tested by applying cyclic changes of amplitude oscillatory from 5% 
strain for 1500 s to 100% strain for 500 s. The gap was set to obtain an axial force of 1N at room 
temperature and this cycle is repeated three times.  
3.3 Results and Discussion 
3.3.1 Synthesis of P2-ene having vinyl groups 
As a proof-of-concept of our strategy to fabricate self-healing dual s-ssPxN networks, a 
high molecular weight P2-ene having pendant vinyl groups was synthesized by an industrially-
friendly polymerization method (called free radical polymerization, FRP), followed by post-
modification through a facile coupling reaction. As illustrated in Figure 3.1, a FRP of 2-
ethylhexyl methacrylate (EHMA) and 2-hydroxyethyl methacrylate (HEMA) in anisole at 75 ºC 
yielded a P(EHMA-co-HEMA) random copolymer (P1-OH) consisting of both pendant 
ethylhexyl and functional OH groups randomly-distributed along main polymethacrylate 
chains.159 After purification, the pendant OH groups in P1-OH precursor reacted with 4-
pentenoyl chloride in the presence of triethylamine (a base). The resulting product was 
characterized with molecular weight as weight average molecular weight (Mw) = 138 kg/mol by 
gel permeation chromatography; glass transition temperature (Tg) = -10.4 ºC by differential 
scanning calorimetry (DSC); and 30 mol % vinyl group by 1H-NMR (Figure 3.2). These results 
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indicate the successful synthesis of a high molecular weight P2-ene having pendant 30 mol% 
vinyl groups.  
 
 




6 5 4 3 2 1














































3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
log Mn (g/mol)
P2-ene





Figure 3.2 GPC trace (a), DSC trace (b), and 1H-NMR spectrum in CDCl3 (c) of purified, dried P2-ene. 
 
3.3.2 Preparation of dual sulfide-disulfide crosslinked networks (s-ssPxNs) 
The P2-ene contains pendant vinyl groups, which enable the reaction with SH groups of a 
polythiol through thiol-ene radical addition upon UV irradiation.160-161 This click-type photo-
induced thiol-ene reaction yields crosslinked network through the formation of sulfide 
crosslinkages (denoted as sPxN) as a result from the consumption of SH groups in the reactive 
blends of P2-ene and polythiol. The use of excess polythiol (i.e. SH groups) could result in the 
formation of a lightly-crosslinked polysulfide materials with free SH groups. 
Trimethyloylpropane tris(3-mercaptopropionate) (TriSH) was examined as a model polythiol. A 
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series of reactive blends at varying mole equivalent ratios of [SH]o/[vinyl]o = 1/1 to 20/1 was 
prepared by mixing the same amount of P2-ene with different amounts of TriSH in 
tetrahydrofuran (THF). Note that the larger ratio represents more excess SH groups in the 
reactive blends. Aliquots of the series of reactive mixtures were exposed to UV for 10 min. The 
occurrence of photo-induced thiol-ene radical addition between P2-ene and TriSH was followed 
by FT-IR measurements.162 The decrease in the peak area at 2570 cm-1 corresponding SH 
stretching vibration before and after UV irradiation allowed for the determination of the SH 
consumption as a consequence of thiol-ene addition with vinyl groups of P2-ene (see the FT-IR 
spectrum in Figure 3.3 for a reactive blend at [SH]o/[vinyl]o = 15/1 as an example). As presented 
in Table 3.1, the SH concentration ([SH]/P2-ene) increased in the sPxN network when the 
amount of TriSH increased in the reactive blends. Further, the resulting dried sPxNs were then 
characterized with gel content using gravimetry as well as mechanical properties using rheometer. 
With an increasing [SH]o/[vinyl]o ratio, gel content and maximum elastic modulus (G) decreased 
and reached plateau at the [SH]o/[vinyl]o > 15/1 (Figure 3.4). Such decrease in both gel content 
and maximum G modulus is presumably attributed to the formation of lightly crosslinked 
network with less sulfide crosslinking density as well as co-existence of residual TriSH. 
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Figure 3.3 FT-IR spectra of a reactive blend of P2-ene with TriSH at [SH]o/[vinly]o = 15/1 before and 
after UV irradiation to monitor the change of peak area at 2570 cm-1. 
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Table 3.1 Characteristics and properties of thiol-ene reactive blends of P2-ene with various amounts of 
TriSH at various ratios of [SH]o/[vinyl]o upon UV irradiation. 













sPxN-1 1/1 62.2 62.2 0.6 98.8 459.4 
sPxN-5 5/1 12.1 60.5 7.5 75.6 27.5 
sPxN-10 10/1 11.8  15.0 57.8 6.4 
sPxN-15 15/1 9.9  23.0 38.7 1.8 






















Figure 3.4 Overlaid elastic modulus (G') over angular frequency () for reactive blends consisting of P2-
ene and TriSH at various ratio of of [SH]o/[vinyl]o upon UV irradiation. 
 
The availability of sufficient concentration of free SH groups in sPxN materials 
(containing TriSH) could create a dual s-ssPxNs upon oxidation through the formation of new 
disulfide linkages. The oxidation was investigated for the sPxN-15 precursor having relatively 
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high concentration of SH groups (23 mmol/g P2-ene), prepared with [SH]o/[vinyl]o = 15/1. The 
aliquot was treated with different amounts of iodine as an oxidizing agent up to 9 wt% in THF in 
20 mL vials at room temperature for 18 hrs. The use of iodine for oxidation of thiols is described 
elsewhere.2, 163 As seen in the digital images in Figure 3.5, the occurrence of oxidation was first 
evidenced with a change of flow-type gel solutions (13 wt% solid content) to free-standing gels 
after the treatment of sPxNs with iodine. Further, the conversion of free SH groups to the 
corresponding disulfide linkages upon oxidation was quantitatively analyzed by FT-IR 
measurements before and after the treatment with iodine (Figure 3.6). The decrease in the peak 
area at 2570 cm-1 allowed for the estimation of SH consumption and thus newly-formed disulfide 
concentration in s-ssPxNs. As summarized in Figure 3.5, the SH consumption increased when 
the amount of iodine increased in the mixtures, and it reached to completion when the amount of 
iodine is greater than 6%. In addition, the gel content based on solubility in THF increased with 
an increasing amount of iodine. These results from both FT-IR and gel content measurements 
indicate the formation of dual s-ssPxNs with self-healable disulfide linkages. Further, sulfide-
crosslinked sPxN network and unreacted TriSH consist of free SH groups which upon its 
oxidation form s-ssPxNs.  This network could contain heterogeneous domains rich in disulfide 













































Figure 3.5 Gel content (%) and SH consumption (%) upon oxidation in the presence of different amount 
of iodine for sGel-15 prepared with the [SH]o/[vinyl]o = 15/1. The digital images show s-ssPxN-15/y gels 
(y denote wt % of iodine) in THF.  
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Figure 3.6 FT-IR spectra of sPxN-15 before and after treatment with various amounts of iodine. 
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3.3.3 Self-healing ability of different s-ssPxNs  
The self-healability of the resulting dual s-ssPxNs upon cuts (or microcracks) through the 
reformation of disulfide linkages at room temperature was investigated. The dried s-ssPxN-15/6 
oxidized with 6% iodine (with 100% SH consumption) was initially examined for self-
healability because of the relatively higher concentration of newly-formed disulfide linkages (see 
Table 3.2). Two cuts with different widths of 43 and 73 µm were made on their surfaces using a 
knife and the occurrence of their self-healing properties at room temperature was followed by 
microscopy. As seen in Figure 3.7a, the self-healing was completed within 30 sec on the 43 µm 
wide cut. Further, the complete self-healing occurred within 30 min on the relatively larger 73 
µm wide cut (Figure 3.7b). These promising results are compared with no occurrence of self-
healing on sPxN-1 having no disulfide linkages as a control (Figure 3.7c). These results indicate 
rapid self-healing at room temperature with no aids of external stimuli. Further to investigate the 
kinetics of self-healing for dual s-ssPxNs compared with the control (sPxN-1), the healing 
efficiency was estimated based on the decrease in the length of the cuts over time (Figure 3.7d). 
From the linear regression, the healing rate was calculated to be 200%/min for the 43 µm wide 
cut and 3.3%/min for 73 µm wide cut, suggesting the dependence of self-healing kinetics on the 
sizes and lengths of cuts. 
 
Table 3.2 Characteristics and properties of dual s-ssPxNs prepared by oxidation of sPxN precursors in the 












s-ssPxN-15/6 43 170 6 10.9 200 
s-ssPxN-15/6 73 700 6 10.9 3.3 
s-ssPxN-15/3 80 500 4 7.9 No healing 
s-ssPxN-10/6 67 350 6 7.5 No healing 
s-ssPxN-5/6 57 1000 6 3.7 No healing 
s-ssPxN-x/y: x denotes the ratio of [SH]o in thiol-ene reactive blends and y denotes the wt% of iodine; b) 




Figure 3.7 Evolution of microscope images (a-c) and kinetics of self-healing (d) over time at room 
temperature for dual s-ssPxN-15/6 with different cut sizes of 43 µm wide (a) and 73 µm wide (b), 
compared with a control of sPxN-1 with no disulfide prepared with [SH]o/[vinyl]o = 1/1 (c) 
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Given the promising self-healing results with s-ssPxN-15/6 network, the self-healing 
behavior of other s-ssPxNs having different concentrations of newly-formed disulfide 
crosslinkages was further examined. Because of the occurrence of self-healing through the 
reformation of disulfides, the results could allow for the correlation between disulfide 
concentration and self-healing behavior of s-ssPxNs, as well as effective construction of self-
healing windows for the preparation of s-ssPxN materials with suitable disulfide concentration, 
oxidation, and TriSH concentration. Under similar conditions (no external agents and at room 
temperature), no self-healing was observed on s-ssPxN-15/3 (prepared in the presence of 3 % 
iodine) (Figure 3.8) as well as s-ssPxN-10/6 and s-ssPxN-5/6 prepared by treatment of the 
corresponding sPxN-10 and sPxN-5 with 6 % iodine (Figure 3.9). One plausible reason for no 
self-healing behaviors is due to the less densities of disulfides in those three s-ss-PxN networks 
(<8 mmol/g of P2-ene, compared to 11 mmol/g for s-ssPxN-15/6, Table 3.2). These results 
suggest the requirement of the sufficient concentration of self-healable disulfides in dual s-ssPxN 
networks for self-healability. 
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Figure 3.8 Evolution of optical microscope image of 80 µm wide and 500 µm long cut over time at room 
temperature for dual s-ssPxN-15/3, prepared by oxidation of sPxN-15 in the presence of 3% iodine. 
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Figure 3.9 Evolution of optical microscope image of a 67 µm wide and 340 µm long cut for dual s-
ssPxN-10/6, and a 57 µm wide and 1000 µm long cut for dual s-ssPxN-5/6 over time. 
3.3.4 Viscoelastic properties of s-ssPxN 
Further to get an insight into self-healability of dual s-ssPxNs, the self-healing elasticity 
was examined as to measure their viscoelastic properties using a rheometer upon a cyclic change 
of oscillation force: 5% strain for 1500 sec to 100% strain for 500 sec. As seen in Figure 3.10a, 
the elastic modulus (G )´ of s-ssPxN-15/6 gradually increased when a 5% strain was applied for 
1500 sec. Upon the change of oscillation force to 100% strain, the G  ´modulus suddenly dropped 
for 500 sec. Then, the G  ´modulus was restored when the oscillation force was recovered back to 
5% strain. Such a reversible restoration of G  ´modulus was able to be repeated several times, 
exhibiting self-healing elasticity of s-ssPxN-15/6 networks. In contrast, sPxN-5/6 exhibiting no 
occurrence of self-healing did not show the reversibility of G  ´modulus upon the cyclic change 
of oscillation force (Figure 3.10b).  
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Figure 3.10 Viscoelastic properties using a rheometer upon a cyclic change of oscillation force: 5% strain 




The effective method utilizing photo-induced thiol-ene radical addition and oxidation 
enabled the synthesis of dual sulfide-disulfide crosslinked s-ssPxN networks exhibiting rapid 
self-healing properties at room temperature with no aids of external stimuli. The sufficient 
density of disulfide crosslinkages was required for rapid self-healing to occur within 0.5 – 30 
min at room temperature. In addition, self-healable s-ssPxN enabled to maintain its integrity 
when damaged by external force as well as exhibited the self-healing elasticity with reversible 
restoration of viscoelastic properties. Further, self-healing kinetics was tuned with disulfide-
crosslinking densities (i.e. concentration of disulfide linkages and extent of oxidation).  Given 
the versatility of the method to synthesize rapid and room temperature self-healing networks, 
further studies on important parameters that can influence self-healing kinetics and properties 
such as densities of pendant vinyl groups and molecular weights of copolymers as well as 

















Multiblock copolymer-based dual disulfide- and supramolecular 
crosslinked networks exhibiting dual self-healing 
 
4.1 Introduction 
In recent years, crosslinked polymeric networks exhibiting self-healability have been 
extensively explored as effective building blocks in the development of high-performance 
multifunctional materials for various applications in nanoscience and industrial fields. Further to 
the features of conventionally-crosslinked networks including enhanced mechanical properties as 
well as improved thermal and chemical stabilities, self-healable networks have their built-in 
ability to autonomously self-repair initial damages. This feature prevents catastrophic failure of 
the materials and thus extends their lifetimes.37-38, 164  
Most initial development of self-healable materials utilizes the extrinsic self-healing method. 
The method requires the embedment of additional healing agents such as crosslinkers or catalysts 
inside capsule-like materials in the polymer matrix.41, 150 Upon physical damages, these 
embedded capsules are ruptured to release the healing agents and to repair the damaged parts. 
Although enabling the repair of large-sized damages, the main drawback of this method involves 
the occurrence of self-healing in a single event upon the depletion of healing agents. In contrast, 
the intrinsic method utilizes reversible crosslinking chemistries with dynamic covalent or 
physical crosslinkages in the networks. Typical examples include disulfide chemistry,1, 3, 55, 57, 165 
Diels-Alder/retro-Diels-Alder reactions,64, 67, 74, 154-155 and hindered urea chemistry5-6 for 
reversible covalent bond formation, and - stacking,18-19 ionic interaction,110, 166 metal-ion 
binding,20-22, 24-25, 167-168 hydrogen bonding,13-16 and host-guest interactions17 for physical 
crosslinking mechanisms. Because of the dynamic ability of intrinsic method and thus the 
occurrence of repeatable self-healing, a number of intrinsic self-healing systems have been 
constructed with the use of single dynamic crosslinkages (either covalent or supramolecular 
linkages) that induce self-healing in the dynamic networks.39, 43  
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A recent advance is the development of dual crosslinked self-healing systems,169 designed 
with a combination of permanent covalent crosslinkages with dynamic suparmolecular 
crosslinkages through hydrogen bonding170-171 and metal-ligand interaction.172 The permanent 
crosslinkages retain the integrity of networks with mechanical strength, while supramolecular 
crosslinkages induce rapid self-healing upon physical damages. Although dual crosslinked 
network with both covalent sulfide (permanent) and disulfide (dynamic) crosslinkages has also 
been reported,173 most dual crosslinked networks have designed with the occurrence of self-
healing by a single mechanism, mostly supramolecular interactions. Further, advanced dual 
crosslinked networks with two dynamic covalent crosslinkeages through disulfide exchange and 
acylhydrazone exchange reactions174as well as a combination of aromatic disulfides and 
supramolecular hydrogen bonds52 were reported. Although these systems show the occurrence of 
dual self-healing, the crosslinkages are randomly co-distributed in the networks.   
We have recently focused on the development of effective self-healable materials in dual or 
multiple self-healable mechanisms based on multiblock copolymer strategy. This strategy centers 
on the synthesis of novel block copolymers designed with different self-healing motifs 
incorporated into each of the blocks. These self-healing motif (dynamic linkages) can be 
concentrated in localized areas as domains or in the matrix, thus maximizing the efficiency of 
their self-healabilties. Additionally, mechanical and chemical properties of the materials can be 
easily tuned with varying middle blocks.   
Herein, as the first step towards our long-term research goals, we report our proof-of-
concept design of a novel ABCBA-type pentablock copolymer (P5-COOH) consisting of a 
poly(ethylene glycol) middle “C” block and self-healable symmetric blocks. The self-healable 
blocks comprise of polymethacrylates with pendant disulfide linkages (PHMssEt) in two “B” 
blocks, and poly(methacrylic acid) (PMAA blocks) in two “A” blocks. The block copolymers 
dissolved in organic solvents were crosslinked with covalent disulfide linkages formed through 
disulfide exchange reactions of PHMssEt blocks and metal-ligand supramolecular crosslinkages 
through following physical interactions of pendant carboxylic acids with ferric (Fe3+) ions. The 
formed dual crosslinked networks were characterized and further evaluated for rapid self-healing 
and excellent self-healing elasticity by dual mechanisms through disulfide exchange reactions 
and metal-ligand interactions upon macro-scale damages at multiple times at room temperature. 
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Scheme 4.1 Illustration of our approach to prepare dual crosslinked networks based on a novel 
pentablock copolymer exhibiting dual self-healing through covalent disulfide exchange reaction and 
supramolecular metal-ligand interactions.   
 
4.2 Experimental section 
4.2.1 Instrumentation and analysis 
1H-NMR spectra were recorded using a 500 MHz Varian spectrometer. The CDCl3 
singlet at 7.26 ppm or DMSO-d6 quintet at 2.50 ppm was selected as the reference standards. 
Monomer conversion was determined by 1H-NMR spectroscopy. Molecular weight and 
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molecular weight distribution were determined by gel permeation chromatography (GPC). An 
Agilent GPC was equipped with a 1260 Infinity Isocratic Pump and an RI detector. Two Agilent 
columns (PLgel mixed-D and mixed-C) were used with DMF containing 0.1 mol% LiBr at 50 °C 
at a flow rate of 1.0 mL/min. Linear poly(methyl methacrylate) standards from Fluka were used 
for calibration. Aliquots of polymer samples were dissolved in DMF/LiBr. The clear solutions 
were filtered using a 0.25 m PTFE filter to remove any solvent-insoluble species. A drop of 
anisole was added as a flow rate marker.  
4.2.2 Materials 
α-bromoisobutyryl bromide (iBuBr, 98%), triethylamine (Et3N, >99.9%), copper(I) 
bromide (CuBr,>99.99%), N,N,N,N,N-pentamethyldiethylenetriamine (PMDETA, >98%), 2,2′-
(ethylenedioxy)diethanethiol (EDSH, >95%), iron(III) chloride (FeCl3, 98%), trifluoroacetic acid 
(CF3COOH), and poly(ethylene glycol) with different molecular weights (OH-PEG-OH, >99%) 
purchased from Aldrich were used as received. A methacrylate bearing a pendant disulfide 
linkage (HMssEt), was synthesized as described elsewhere.175  
4.2.3 Synthesis of P1 PEG-based difunctional ATRP initiator 
As a typical example to synthesize P1-3K, a clear solution of iBuBr (1.0 g, 4.5 mmol) 
dissolved in DCM (15 mL) was added dropwise to a solution consisting of OH-PEG-OH with 
molecular weight = 3350 g/mol (5.0 g, 3.0 mmol of OH), Et3N (0.45 g, 4.5 mmol) and DCM 
(300 mL) in an ice-bath for 30 min. The resulting mixture was stirred at room temperature for 18 
hrs, washed extensively with water (200 mL x 5 times), and then precipitated from hexane. The 
precipitate was isolated and further dried in a vacuum oven at room temperature for 13 hrs to 
yield P1-3K. Similar procedure was utilized for the synthesis of P1-6K with the use of OH-PEG-
OH with molecular weight = 6000 g/mol (5.6 g, 1.9 mmol of OH), iBuBr (4.3 g, 18 mmol) and 
Et3N (1.4 g, 14 mmol), for P1-10K with OH-PEG-OH with molecular weight 10,000 g/mol (10 g, 
2.0 mmol of OH), iBuBr (4.6 g, 20 mmol) and Et3N (2.5 g, 25 mmol) and for  P1-22K with OH-
PEG-OH with molecular weight = 22,000 g/mol (5.7 g, 0.52 mmol of OH), iBuBr (0.3 g, 1.3 
mmol) and Et3N (0.18 g, 1.8 mmol).   
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4.2.4 Synthesis of P3 triblock copolymers 
As a typical example to prepare a P3-1 triblock copolymer, P1-3K (0.45 g, 0.13 mmol), 
HMssEt (1.5 g, 4.3 mmol), PMDETA (27 µL, 0.13 mmol) and anisole (5.9 mL) were added to a 
Schlenk flask. The resulting mixture was deoxygenated by using freeze-pump-thaw cycles. The 
reaction flask was filled with nitrogen and CuBr (15 mg, 0.10 mmol) was added to the frozen 
solution. The flask was sealed, purged under vacuum and backfilled with nitrogen once. The 
mixture was thawed and the flask was then immersed in an oil bath preheated to 50 °C to start 
the polymerization. After 45 min, the polymerization was stopped by cooling and exposing the 
reaction mixture to air. For purification, the as-prepared polymer solution was diluted with DCM 
and passed through a basic alumina column to remove residual copper species. The solvent was 
removed under rotary evaporation at room temperature. The resulting polymer was isolated by 
precipitation from hexane and then dried under vacuum at room temperature for 15 hrs.  
Similar procedure was utilized for the synthesis of P3-2 with P1-6K (0.82 g, 0.13 mmol), 
HMssEt (1.5 g, 4.3 mmol), PMDETA (27 µL, 0.13 mmol), CuBr (15 mg, 0.10 mmol) and 
anisole (9.3 mL); and for P3-3 with P1-10K (1.3 g, 0.13 mmol), HMssEt (1.5 g, 4.3 mmol), 
PMDETA (27 µL, 0.13 mmol), CuBr (15 mg, 0.10 mmol) and anisole (11 mL). For the synthesis 
of P3-4, ATRP was conducted for 3 hrs with the use of P1-22K (1.4 g, 0.069 mmol), HMssEt 
(0.8 g, 2.3 mmol), PMDETA (14 µL, 0.068 mmol), CuBr (7.9 mg, 0.055 mmol) and anisole (14 
mL). 
4.2.5 Synthesis of P5 pentablock copolymers 
P3-3 (1.3 g, 0.073 mmol), tBMA (1.0 g, 7.3 mmol), PMDETA (15 µL, 0.072 mmol) and 
anisole (9.2 mL) were added to a Schlenk flask. The resulting mixture was deoxygenated by 
using freeze-pump-thaw cycles. The reaction flask was filled with nitrogen and CuBr (8.4 mg, 
0.059 mmol) was added to the frozen solution. The flask was sealed, purged under vacuum and 
backfilled with nitrogen once. The mixture was thawed and the flask was then immersed in an oil 
bath preheated to 50 °C to start the polymerization. After 2 hrs, the polymerization was stopped 
by cooling and exposing the reaction mixture to air. For purification, the as-prepared polymer 
solution was diluted with DCM and passed through a basic alumina column to remove residual 
copper species. The solvent was removed under rotary evaporation at room temperature. The 
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resulting polymer was isolated by precipitation from hexane and then dried under vacuum at 
room temperature for 15 hrs.  
4.2.6 Hydrolytic cleavage to yield P5-COOH 
A clear solution of the purified, dried P5 (0.44 g, 0.23 mmol tBMA units) dissolved in 
DCM (20 mL) was mixed with CF3COOH (174 µL; 10 mole equivalence to t-butoxy groups) 
and stirred for 18 hrs at room temperature. The reaction mixtures were precipitated from hexane 
and then the precipitates were dried in vacuum oven for 18 hrs.  
4.2.7 Preparation of disulfide-crosslinked gels of P3 triblock copolymers  
The purified, dried P3-1 (0.1 g, 0.2 mmol of SS) was mixed with EDSH (7.9 mg, 0.2 
mole equivalent to disulfides) in DMF. The mixture was placed in an oven preheated at 80 °C for 
48 hrs to form a standing gel. In another set, P3-3 (0.25 g, 0.54 mmol of disulfides) was 
dissolved in chloroform (0.25 g) and the resulting mixture was placed in a vacuum oven pre-set 
at 80 °C for 18 hrs. The formed crosslinked gels were further dried in a vacuum oven for 18 hrs.  
4.2.8 Preparation of dual crosslinked gels 
Aliquots of P5-COOH (0.24 g, 0.28 mmol of disulfides and 0.19 mmol of COOH groups) 
were dissolved in chloroform (0.24 g) and the resulting mixture was placed in a vacuum oven at 
80 °C for 18 hrs to induce in situ disulfide crosslinking. Then, an aqueous solution of FeCl3 (33 
mg, 0.21 mol for Fe3+/COOH = 1/1 ratio; 66mg, 0.41 mol for Fe3+/COOH = 2/1 ratio) in water 
(0.2 mL) was added to the disulfide crosslinked gels, and the resulting mixture was allowed to 
stay for 18 hrs to induce metal-ligand physical crosslinking. The formed dual crosslinked gels 
were further dried in a vacuum oven for 18hrs. 
4.2.9 Optical microscopy.  
Self-healing of crosslinked materials was observed by a microscope (Olympus BX51) 
coupled with a digital camera. Fresh cuts were made using a sharp blade on surfaces of the 
crosslinked materials to monitor their healing behavior at room temperature.     
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4.2.10 Rheological measurements.  
Viscoelastic properties (G and G moduli) of disulfide-crosslinked materials and dual-
crosslinked materials were measured on a DHT-2 rheometer (TA Instruments, USA) in 
frequency sweep mode, and amplitude strain shear mode with parallel plate geometry (8 mm 
diameter). The dried gels prepared as above were customized with the diameter of 8 mm. For the 
frequency sweep mode, the gap was set to obtain an axial force around 5 N, and frequency was 
varied in the range of 1 rad/s and 100 rad/s. For the strain mode, the dried crosslinked materials 
were loaded on the plates and the % strain was varied in the range of 0.1 to 140 % strain at 1 
rad/s frequency. Lastly, the elasticity of the crosslinked materials was tested by applying cyclic 
changes of amplitude oscillatory from 5% strain for 1500 s to 300% strain for 500 s. The gap 
was set to obtain an axial force of 5N at room temperature, and this cycle is repeated three times.  
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Figure 4.1 Synthetic scheme of P5-COOH pentablock copolymer. For the P1-xK: x denotes the 





4.3 Results and discussion 
4.3.1 Synthesis of triblock and pentablock copolymers 
Figure 4.1 illustrates our scheme for multi-step synthesis of a novel pentablock 
copolymer consisting of 1) a PEG central block, 2) polymethacrylate blocks having pendant 
disulfide linkages (PHMssEt), and 3) polymethacrylate blocks having pendant carboxylic acids 
(COOH) groups (PMAA: poly(methacrylic acid)), thus PMAA-b-PHMssEt-b-PEG-b-PHMssEt-
PMAA, hereafter, P5-COOH.  
The first step is the synthesis of PEG-based difunctional ATRP macroinitiators (P1) 
labeled with bromine groups at both ends of PEG, by a facile coupling reaction of OH-PEG-OH 
with iBuBr in the presence of Et3N (a base catalyst). Excess Et3N and iBuBr should be used to 
ensure the complete esterification of hydroxyl groups in OH-PEG-OH. The resulting product 
was purified by precipitation from hexane. 1H-NMR spectrum of P1-10K as an example in 
Figure 4.2a shows the peak at 4.3 ppm (b) corresponding to methylene protons adjacent to ester 
groups and the peak at 1.9 ppm (a) corresponding to two methyl protons. The integral ratio of 
these peaks indicates the quantitative esterification with >99%. Similar procedure was used to 
synthesize a series of PEG-based difunctional bromine initiators with various molecular weights 
of OH-PEG-OH, ranging from 3 to 22 kg/mol, presented in a table of Figure 4.1. Figure A.1 
shows their 1H-NMR spectra.  
The second step is the chain extension of P1(Br-PEG-Br) with PHMssEt blocks to 
synthesize well-defined triblock copolymers, PHMssEt-b-PEG-b-PHMssEt (P3). A direct 
process for ATRP of HMssEt was examined in the presence of P1 macroinitiator in anisole at 
50 °C. Conditions include [HMssEt]o/[P1]o/[CuBr]o/[PMDETA]o = 17/1/0.4/0.49. The 
polymerization was stopped after 45 min for most reactions and 3 hrs for P3-4 to allow monomer 
conversion to reach > 60 %. As-synthesized polymer solutions were purified by passing through 
a basic aluminum oxide column to remove Cu species and then precipitating from hexane to 
remove unreacted monomers. 1H-NMR spectrum of P3-3, as an example, in Figure 4.2b shows 
the presence of methylene groups adjacent to disulfide groups at 2.2-3.0 ppm (g,h) and 
poly(ethylene oxide) (EO) moieties at 3.3-3.4 ppm. Using the integral ratio of the peaks (e,d/EO), 
the degree of polymerization (DP) of each PHMssEt block was calculated to be 10, thus 
PHMssEt10-b-PEG-b-PHMssEt10. Its molecular weight with the average number molecular 
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weight, Mn was determined to be 29 kg/mol with Mw/Mn = 1.1 by GPC. Similar procedure was 
utilized to synthesize a series of P3 copolymers with the DP of PHMssEt blocks = 8-15, but with 
different PEG molecular weights (as PEG wt% in the copolymers). The detailed synthesis and 
characteristics of the P3 copolymers are summarized in Table 4.1, and their 1H-NMR spectra and 
GPC traces are shown in Figure A.2 and A.3, respectively.  
The third step is the chain extension of P3 with PtBMA blocks. Typically, the P3-3 
triblock copolymer was selected because of its good solubility in both protic and aprotic solvent. 
A consecutive ATRP of tBMA (t-butyl methacrylate) was conducted in the presence of the 
purified, dried P3-3 difunctional macroinitiator in anisole at 50°C under the condition of 
[tBMA]o/[P3-3]o/[CuBr]o/[PMDETA]o = 50/1/0.4/0.49, thus forming a pentablock copolymer. 
The polymerization was stopped after 2 hrs and conversion reached to 25 %. After the 
purification of P5, the resulted copolymer was characterized by 1H-NMR spectrum. Figure 4.2c 
shows the typical peaks at 3.5-3.7 ppm corresponding to EO protons in the PEG block and a 
peak at 1.5 ppm (n) corresponding to t-butoxy protons in the PtBMA blocks. Using their 
integrals, the DP of each PtBMA block was determined to be ≈18, thus PtBMA18-b-PHMssEt10-
b-PEG-b-PHMssEt10-b-PtBMA18, P5. GPC results indicate its molecular weight, Mn = 30 kg/mol 
with Mw/Mn = 1.1 (Figure A.4). 
The last step is the hydrolytic cleavage of pendant t-butoxy groups in PtBMA blocks of 
P5 pentablock copolymer to the corresponding PMAA in the presence of excess CF3COOH. 
1H-
NMR spectrum in Figure 4.2d shows the complete disappearance of the peak (n) corresponding 
to t-butoxy protons. This result indicates the successful cleavage of pendant t-butoxy groups 





































Figure 4.2 1H-NMR spectra P1-10K (a), P3-3 (b) as examples and P5 (c) in CDCl3. 1H-NMR spectrum of 
P5-COOH (d) in DMSO-d6. 
 























P3-1 P1-3K 0.75 64 15 1.2 15 24 
P3-2 P1-6K 0.75 60 19 1.2 15 36 
P3-3 P1-10K 0.75 60 29 1.1 10 58 
P3-4 P1-22K 3 60 40 1.1 8 78 
a) Determined by DMF-GPC; b) Determined by 1H-NMR  
 
4.3.2 Investigation of disulfide exchange gelation of P3 triblock copolymer 
The resulting P5-COOH is an ABCBA-type pentablock copolymer having pendant 
disulfide linkages in two “B” blocks and COOH groups in two “A” blocks. The copolymer is 
designed to form dual crosslinked networks with new disulfide crosslinkages (“B” blocks) and 
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supramolecular metal-ligand (Fe3+-COOH) association. Before the preparation of dual 
crosslinked gels of P5-COOH pentablock copolymer, the disulfide-based gelation of PHMssEt 
blocks having pendant disulfide linkages was investigated with P3 copolymers having central 
PEG and two PHMssEt blocks, a precursor for P5-COOH pentablock copolymer. Two gelation 
methods were examined for the formation of new in situ disulfide crosslinkages between P3 
copolymer chains through disulfide exchange reaction of pendant disulfide linkages.   
For the first method, aliquots of P3-1 were treated with a catalytic amount of EDSH (0.2 
mole equivalent to disulfide linkages) in DMF at 42 wt % at 80 °C. As seen in Figure 4.3a, the 
reactive solution became a standing gel in a vial over 48 hrs. The resulting organogel was 
characterized for gel content based on its solubility in THF, a good solvent to both P3-1 and 
EDSH. Note that gels are defined as insoluble species in THF. Its gel content was 92 ± 2.3 %, 
suggesting the formation of highly crosslinked networks. However, this system appeared to 
require elevated temperatures for disulfide exchange gelation. This is because disulfide-thiol 
exchange reaction is slower for aliphatic disulfide linkages in PHMssEt units, compared to the 
corresponding aromatic disulfides.52, 176  
For the other method, an aliquot of P3-3 copolymer dissolved in chloroform at 50 wt % 
was heated at 80 °C for 18 hrs. As seen in Figure 4.3b inset, this thermal activation method 
allows for the formation of gels through disulfide metathesis or exchange reaction.177 The formed 
gel was characterized for gel content to be  98 ± 6.1 % in THF. This method could be 
advantageous because of no need of dithiol reducing agents for disulfide exchange gelation. 
Further, the dried gel was characterized for its viscoelastic properties by a frequency sweep 
mode using a rheometer. As seen in Figure 4.3b, the loss modulus (G'') slightly increased with an 
increasing frequency up to 100 rad/s. The elastic modulus (G') kept unchanged up to 10 rad/s and 
then abruptly decreased upon a further increase in frequency, which presumably due to the loss 
































Figure 4.3 For P3-1 triblock copolymer, sol-gel transition in the presence of a catalytic amount of EDSH 
in DMF at 42 wt % (a), digital image (inset of b) and viscoelastic properties by frequency sweep mode (b) 
of disulfide-crosslinked gels prepared by thermal activation method. 
 
4.3.3 Preparation and characterization of dual crosslinked gels of P5-COOH 
Dual crosslinked gels of P5-COOH copolymer were prepared by sequential crosslinking 
reactions through disulfide exchange of PHMssEt blocks and metal-ligand association of PMAA 
blocks. For its disulfide exchange gelation, the similar procedure of thermal activation method of 
pendant disulfide linkages with no aids of reducing agents was examined for a clear solution of 
P5-COOH dissolved in chloroform at 50 wt % in a vacuum oven at 80 °C. As seen in Figure 4.4a, 
the solution turned to a standing gel in a vial over 18 hrs. For the metal-ligand gelation, the 
formed gels in vials were then treated with an aqueous FeCl3 solution at room temperature 
overnight. After the removal of aqueous solutions, the resulting light brown-colored gels were 
further dried in a vacuum oven. Figure 4.4a shows the digital images of the dual crosslinked gels 
prepared at two different ratios of Fe3+ to COOH groups = 2/1 and 1/1. Note that the formed gels 
kept its integrity under weak force at the 1/1 ratio, while easily being broken to small pieces at 
the 2/1 ratio; thus the gel prepared at the 1/1 was further characterized. Its gel content was 
determined to be >95%, based on its solubility in THF (a good organic solvent). Figure 4.4b 
shows its viscoelastic properties by a frequency sweep mode. The loss modulus (G'') slightly 
increased with an increasing frequency up to 100 rad/s. The elastic modulus (G') kept unchanged 
up to 10 rad/s and then abruptly decreased upon a further increase in frequency. Note that the 
maximum G' values were smaller for P5-COOH gels (≈104 Pa) than P3 gels (≈105 Pa), 
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suggesting that the incorporation of the supramolecular network decreases mechanical strength 




























Figure 4.4 Dual crosslinked gels with 1 and 2 equivalent of FeCl3 (a) and the viscoelastic properties of 
frequency sweep mode of dual crosslinked gels prepared with 1 equivalent of FeCl3 (b). 
 
4.3.4 Self-healing studies 
Figure 4.5 shows the digital images of dual crosslinked gels prepared at the 1/1 ratio 
illustrating their self-healing at room temperature with no external aids. The dried gels with 1.3 
cm long was cut into two halves (Figure 4.5a). The two halves brought into contact for 24 hrs 
(Figure 4.5b-c). The occurrence of self-healing is confirmed when the damaged gels with a cut 
was stretched in opposite directions (Figure 4.5d). The crosslinked networks were still intact 
with the appearance of no ruptures upon extensive stretching up to ≈200 % of its original length. 
For comparison, the corresponding gels with no cuts were also stretched up to ≈200 % as 
controls (Figure 4.5f-g). More promisingly, the occurrence of self-healing through stretching 
process was repeated multiple times at the same sites.  
Further to get an insight into self-healability of dual crosslinked gels, their self-healing 
elasticity was examined as to measure G' and G'' moduli upon a cyclic change of oscillation 
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force: 5% strain for 1500 sec to 100 % strain for 500 sec. The angular frequency was set to 1 
rad/s based on their previous frequency sweep studies. When a 5 % strain was applied for 1500 
sec, G' value was constant with its maximum (≈104 Pa). However, G' modulus decreased 
abruptly upon high sheer (100 % strain), suggesting rupture/disturbance of the networks. Then, 
the G' value was restored when the oscillation force was recovered back to 5% (Figure 4.6). Such 
reversible restoration in G' modulus was examined at multiple times, showing excellent self-













Figure 4.5 Digital images of dual crosslinked gels with a cut (a) after two parts were brought into contact 
(b), after healing 24 hrs (c) stretching the healed crosslinked networks (d) after stretching process (e); as 
well as without cut before (f) and after stretching (g). 
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Figure 4.6 Viscoelastic properties using a rheometer upon a cyclic change of oscillation force: 5% strain 
for 1500 s to 100 % for 500 s for dual crosslinked gels 
 
4.3.5 Further investigation of self-healing in P3 disulfide-crosslinked gels. 
Dual covalent and supramolecular crosslinked gels based on P5-COOH pentablock 
copolymers are designed for self-healing by dual mechanisms through dynamic disulfide 
chemistry and metal-ligand interaction. Unfortunately, it appeared that it is not easy to 
investigate the dual self-healing. Alternatively, self-healing of P3 disulfide-crosslinked gels by 
dynamic disulfide chemistry through disulfide exchange or metathesis was examined.  
As illustrated in Figure 4.7, cuts made on P3-1 gels were healed; however, moderate 
temperature and the presence of solvent are required for rapid self-healing in the system. The 
plausible reason could be due to slow disulfide exchange of aliphatic disulfides of PHMssEt 
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Figure 4.7 Digital images of penetrating cut on disulfide-crosslinked gels in the presence of DMF (42 
wt%) at 80 °C (a) and optical microscopy images of the cut (260 µm wide) at room temperature with the 
aid of chloroform over time (b). 
4.4 Conclusion 
As a proof-of-concept, a pentablock copolymer having hydrophilic PEG middle block 
with PHMssEt and PMAA symmetric blocks (P5-COOH) was synthesized by a consecutive 
ATRP followed by acid hydrolysis. PHMssEt blocks were crosslinked with in situ disulfide 
crosslinkages through disulfide exchange reactions at moderate temperature to form covalent 
disulfide crosslinked network. Further, PMAA blocks were crosslinked in the presence of ferric 
ions at room temperature through metal-ligand interactions to form supramolecular networks, 
thus yielding dual crosslinked networks. The resulting networks exhibit rapid self-healing at 
macro-scale at room temperature as well as have self-healing elasticity. These promising results 
demonstrate that our multiblock copolymer strategy offers unique versatility in the development 




Conclusion and future work 
 
Development of dynamic polymeric networks exhibiting self-healability has been 
extensively explored for great potential to overcome the negative consequences of physical 
damages. Recent strategies that allow for the synthesis of extrinsic and intrinsic self-repairing 
materials are mapped out in Chapter 2. The extrinsic method requires the micro-sized capsules of 
extra healing agents that are released to fill the fractured parts. When these extra healing agents 
are depleted, self-healing no longer occurs. On the other hand, the intrinsic self-healing method 
utilizes the reversible crosslinks created through the breakage and reformation of dynamic 
chemical/physical bonds.  Due to the unique reversible characteristics, the self-repairing on 
damaged materials occur in a repeatable manner even at the same site. 
Chapter 3 focuses on the effective design of dual disulfide-sulfide crosslinked network 
that exhibits rapid self-healing at room temperature. The network was prepared by a combination 
of free radical polymerization and post modification by a photo-induced thiol-ene radical 
addition and oxidation. Disulfide linkages were incorporated for self-healing through reversible 
disulfide chemistry, while sulfide linkages allowed for retaining the integrity of the network 
upon damages. Self-healing kinetics could be adjusted with the densities of disulfide crosslinks 
(formed through oxidation of thiols of the precursors) in the networks. With respect to physical 
damage/high shear force, the dual crosslinked network enabled to restore its original integrity 
due to its unique self-healing elasticity.  
Chapter 4 describes the proof-of-concept approach to develop advanced dual crosslinked 
networks for dual self-healing through dynamic covalent disulfide and supramolecular 
chemistries. A novel P5-COOH, an ABCBA-type pentablock copolymer (P5-COOH) consisting 
of a PEG middle block with PHMssEt and PMAA symmetric blocks was synthesized by a 
combination of ATRP and hydrolytic cleavage. Well-known disulfide exchange reaction of 
PHMssEt blocks and metal-ligand association of PMAA blocks enabled to the formation of dual 
crosslinked networks with in situ disulfide and metal-ligand supramolecular crosslinkages. The 
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network exhibits the occurrence of self-healing plausibly by dual dynamic mechanisms on the 
networks evidenced with optical healing, elongation, and self-healing viscoelasticity.  
Overall, most of the self-healable materials, including our two systems, have been designed 
with soft polymers (with low Tg) for rapid void-filling and thus self-repairing ability at ambient 
temperatures with no aids of external stimuli. The current and future design of effective self-
healable networks require the balance of their toughness and their rapid void-filling ability to 
flow to fill the damaged parts. An incorporation of hard segments (or domains) into the soft self-
healable matrices, such as cluster formation, nanoparticles incorporation, and microphase 
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Figure A.1 1H-NMR spectra of P1-3K (a), P1-6K (b) and P1-22K (c) in CDCl3 

























Figure A.2 1H-NMR spectra of P3-1 (a), P3-2 (b) and P3-4 (c) in CDCl3 





























































Mn = 15 kg/mol
Mw/Mn = 1.2
P3-2
Mn = 19 kg/mol
Mw/Mn = 1.2
P3-3
Mn = 29 kg/mol
Mw/Mn = 1.1
P3-4



























Mn = 30 kg/mol
Mw/Mn = 1.1
 
 
 
 
 
